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Abstract

Row spacing effects on light interception and extinction coefficient have been inconsistent for maize (Zea mays L.) when calculated with field
measurements. To avoid inconsistencies due to variable light conditions and variable leaf canopies, we used a model to describe three-dimensional
(3D) shoot structures combined with a model of 3D light transfer. The MODICA model mimics 3D shoot structures of maize plants from
digitizations in the field and makes it possible to simulate associated hypothetical canopies by re-arranging plants into different row spacings. All
row spacings examined with the model had 10 plants m 2. By using the light model RIRI, simulations showed the relative importance of
development stage and time integration on fraction of light transmitted and on the extinction coefficient. Narrow row spacings consistently had less
transmitted light and greater values of extinction coefficient. This modelling tool shows promise to effectively evaluate row spacing to optimize

light interception.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Altered planting patterns, especially reduced row spacing,
have been used to suppress weeds and reduce soil evaporation
through increased light interception. Often, intercepted photo-
synthetically active radiation (IPAR) increases with reduced
row spacing when planting density is held constant (Yao and
Shaw, 1964; Scarsbrook and Doss, 1973; Sharratt and
McWilliams, 2005). This causes the increased light extinction
coefficient k of Beer’s law reported by Flénet et al. (1996). In
contrast, other researchers have reported that row spacing had
an inconsistent effect or negligible, nonsignificant effect on
light interception (Ottman and Welch, 1989; Westgate et al.,
1997; Steglich et al., 2000). Recently, Maddonni et al. (2006)
demonstrated that much of these discrepancies probably related
to the leaf area index (LAI) attained, which was strongly
dependent on planting density. In their study, at high planting
densities of 9—12 plants m 2, the greater LAI greatly reduced
the advantage of narrow row spacing for increased intercepted
PAR as compared to 3—4.5 plants m 2.
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While taking field measurements of LAI and IPAR (or
TPAR, transmitted photosynthetically active radiation) is the
most direct method of calculating k, shoot three-dimensional
(3D) models such as MODICA (Drouet, 2003) combined with
light models offer a method of efficiently determining IPAR
with different planting arrangements, different LAI values, and
different times of day. The objectives of the present study were
to investigate the effect of maize row spacing on TPAR and k
using MODICA and the light model RIRI (Sinoquet and
Bonhomme, 1992), and to investigate development stage and
time integration effects. This provided a more controlled,
structured, and definable analysis of TPAR and k than field
measurements with much random variation due to clouds,
errors in measurements, and variations due to uneven plant
stands and uneven leaf distributions.

2. Materials and methods
2.1. Field experiment design
A field experiment was carried out at Grignon (France,

48°N, 2°E), using the maize hybrid Déa. Maize was sown
within a field of 100m x 80 m in early May 1996 at a
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10 plants m~2 density (row spacing = 0.8 m; distance between
plants within the rows=0.125 m). Mineral nitrogen was
applied at sowing, plants were kept free of water stress by
liberal drip irrigation and weeds were removed by hand.

2.2. Description of 3D shoot structure

The 3D geometric structure of the plants was measured
using a magnetic FASTRAK 3D-digitizer (Polhemus, 1993; see
Sinoquet and Rivet, 1997; Drouet, 2003 for more details). For
each plant, the co-ordinates along the axis of the stem and the
midrib of each lamina were recorded. The number of points per
axis varied from 10 to 30 according to the length and the
curvature of the organ. Data were obtained at three stages of
development: beginning of stem elongation (days after sowing,
DAS =60 i.e., 60 days after sowing), end of stem elongation
(DAS =74) and end of silking (DAS =90). At each stage of
development, measurements were carried out on one canopy of
20 plants (4 successive rows with 5 successive plants per row).
The location of each canopy was randomly chosen within the
field at 10 m at least away from field borders. For each stage of
development, the canopy characteristics are shown in Table 1.
Measurements were taken in the morning to minimize possible
wind and water stress effects.

2.3. Reconstruction of 3D shoot structure

The 3D shoot structure of plants was reconstructed using the
MODICA model (Drouet, 2003). The curvature of the axes of
each plant (stem and leaf midribs) was obtained through
digitizing. The shape of the organs was then reproduced after
plant dissection. To reduce noise on the 3D structure, digitized
coordinates were smoothed according to a cubic spline
procedure (Farin, 1997). To describe the shape and the area
of the lamina, allometric relationships were established
between lamina length and maximal width using a quadratic
polynomial (Bonhomme and Varlet-Grancher, 1978). The stem
was reconstructed by measuring internode length and diameter.
Each plant was geometrically represented by a set of about
1000 triangles and was visualized using the Freeware program
Geomview (http://www.geomview.org/, Fig. 1a, d and g). The

Table 1

reconstruction was indirectly validated by comparing the length
of each measured lamina to the reconstructed one, and by
comparing the reconstructed plants to photographs (Drouet,
2003).

2.4. Modelling associated hypothetical canopies

To evaluate the effect of plant arrangement on transmitted
PAR and PAR extinction coefficient, we generated two groups
of associated hypothetical canopies at each date of measure-
ments from the actual ones. The plant density remained the
same (10 plants m~2) whatever the canopy (Table 1). Since no
clear effect of plant spatial arrangement was observed on
lamina characteristics (i.e., length, width, shape) for a given
lamina rank (e.g., Sonohat-Popa, 1997, using hybrid Déa),
lamina characteristics were assumed to be the same for a given
lamina rank whatever the canopy. In the first group of canopies,
the relative spatial plant position (RP) was kept unchanged. In
the second group, plants were randomly re-arranged within the
canopy, without changing the plant orientation. Within each
group, the distance between rows (i.e., row spacing, RS), and
consequently the distance between plants within the rows (i.e.,
plant spacing, PS), was changed from RS =0.32m to
RS =1.0 m. Fig. 1 shows two examples of spatial plant re-
arrangement: (i) the distance between rows was half that of
actual canopies (RS = 0.40 m), so that the distance within the
rows was twice that of actual canopies (PS = 0.26 m; Fig. 1b, e
and h), (ii) the distance between rows was equal to that within
the rows (RS=PS=0.32m, square plant re-arrangement;
Fig. 1c, f and 1). By combining three dates of measurements to
eight row spacings per date, we therefore obtained 2 groups of
24 canopies each (Table 1).

2.5. Simulation of transmitted PAR and PAR extinction
coefficient (k)

A 3D volume-based version of the light transfer model RIRI
(Radiation Interception in Row Intercropping; Sinoquet and
Bonhomme, 1992) was used to calculate irradiance distribution
inside the canopies. It had previously been validated using
radiation measurements for several crops, including maize

Dates of measurements (days after sowing) and characteristics of spatial plant arrangement of the actual and associated hypothetical canopies

Date (DAS) Inter-row distance (m) Intra-row distance (m) Spatial plant arrangement Relative plant position
60, 74, 90 0.32 0.32 Az a—Aspy Actual-random

60, 74, 90 0.40 0.26 Aspa—As0r Actual-random

60, 74, 90 0.50 0.21 Aspa—Aspy Actual-random

60, 74, 90 0.60 0.17 Ago.a—As0r Actual-random

60, 74, 90 0.70 0.15 A70.—A70, Actual-random

60, 74, 90 0.80 0.13 Agp . (actual) Actual

60, 74, 90 0.80 0.13 Agor Random

60, 74, 90 0.90 0.12 Agpa—Aogor Actual-random

60, 74, 90 1.00 0.10 Aj00.a—A100r Actual-random

DAS = 60 corresponded to an average of 6 ligulated leaves, 13 visible leaves and beginning of stem elongation. DAS = 74 corresponded to an average of 14 ligulated
leaves, all visible leaves and end of stem elongation. DAS = 90 corresponded to end of silking. The date of 50% silking was DAS = 84. For each spatial arrangement,
estimated vegetation area index (sum of lamina, sheath and stem area indices) were 2.8 at DAS = 60, 4.6 at DAS = 74 and 5.7 at DAS = 90. Likewise, for each spatial
arrangement, lamina area index were 2.6 at DAS =60, 3.5 at DAS =74 and 4.1 at DAS =90.
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—>  Row direction

Fig. 1. Vertical views of the three-dimensional (3D) shoot structure of maize canopies at three development stages (days after sowing, DAS): DAS = 60 (a, b and ¢),
DAS =74 (d, e and f) and DAS =90 (g, h and i). Shown canopies were reconstructed for three spatial plant arrangements according to the distance between rows (row
spacing, RS) and between plants within the rows (plant spacing, PS): RS =0.80 m and PS=0.13m (a, d and g), RS =0.40 m and PS =0.26 m (b, e and h),
RS =0.32 m and PS = 0.32 m (square plant re-arrangement; c, f and i). The plant density (10 plants m™~2), as well as the relative spatial position of plants, were kept

unchanged.

(Sinoquet and Bonhomme, 1989, 1992). This model is based on
the turbid-medium analogy. In this way, the canopy structure is
abstracted by an array of 3D cells (0.1 m wide) which may
contain foliage or be empty. For each canopy cell, the lamina
area density and the lamina angle distribution are calculated
from the area and the orientation of the triangles (Fig. 1) using a
program developed by Andrieu (INRA, Thiverval-Grignon,
France, pers. comm.). The model deals with direct and diffuse

incident radiation and scattered radiation, which makes it
possible to obtain, within each cell of the canopy, the
instantaneous lamina irradiance for sunlit and shaded lamina
area, as well as the instantaneous transmitted irradiance to each
square (0.1 m wide) of soil (for more details, see Sinoquet and
Bonhomme, 1992). Foliage reflectance and transmittance were
set equal to 0.07 and land soil reflectance to 0.10 (Drouet,
1998).
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For each canopy, simulations were performed in the
photosynthetically active radiation waveband (PAR, 400-
700 nm) from six values of daily global radiation (Table 2).
Instantaneous values of direct radiation and diffuse radiation
were simulated for each time step (0.1 h) from the daily ratio
between diffuse radiation and global radiation (Table 2; Spitters
et al., 1986) and sinusoidal curves (Perrin de Brichambault and
Vauge, 1982). A shift was assumed at each time step between a
fully clear sky and a fully overcast sky (i.e., only diffuse
radiation) according to the daily ratio between diffuse radiation
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Table 2
Characteristics of the daily incident radiation simulated for the six values of
daily global radiation used in computations of light transmission

Daily global radiation Daily ratio diffuse radiation/

MJm™?) global radiation
5 1.00

10 0.89

15 0.79

20 0.61

25 0.43

30 0.25

—  Rowdirection
0.0 04 06 08+

TPAR (mmolPARmM2s™")

(c)

(

e
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Fig. 2. Daily average transmitted photosynthetically active radiation (TPAR) by the nine canopies presented Fig. 1, simulated for a sunny day (25 MJ m~2) and by

soil squares of 0.10 x 0.10 m.
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and global radiation (Allirand, INRA, Thiverval-Grignon,
France, pers. comm.; see Drouet, 1998 for more details). The
PAR extinction coefficient k was calculated from transmitted
(TPAR) and incoming (PAR) values by

TPAR
PAR

which is equivalent to

k = (—1/LAI) x In (TPAR/PAR)

= exp(—k x LAI)

For each canopy, TPAR was integrated from the instanta-
neous values: (i) daily time integration (Fig. 2) and (ii) time
integration of 2 h around solar noon (i.e., between 1100 h and
1300 h).

2.6. Data analysis

Data were analyzed with regression tests, mean comparisons
using the Student’s test, graphs using the S-PLUS computer
package (S-PLUS, 1996).

3. Results and discussion

3.1. Effect of development stage and row spacing on daily
TPAR fraction and extinction coefficient (k)

According to development stage (DAS) and row spacing
(RS), means of daily TPAR fraction varied between 0.09 and
0.53 (Fig. 3a and Table 3). Values simulated for RS = 0.8 m at
DAS =60 were consistent with data measured by Varlet-
Grancher et al. (1989). Whatever the spatial plant arrangement,
daily TPAR fraction decreased 40-50% from DAS =60 to

Table 3
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Fig. 3. Daily transmitted photosynthetically active radiation (TPAR) fraction
(a) and daily extinction coefficient (b) values simulated for the actual and the
associated hypothetical canopies obtained without changing the actual relative
spatial position of plants (see Table 1). Simulation results are shown for three
development stages (days after sowing): DAS =60 (A), DAS =74 ([1) and
DAS =90 (O). Mean and standard deviation were calculated for the six daily
incident radiation characteristics shown in Table 2.

Mean and standard deviation of daily TPAR fraction and daily extinction coefficient (k) calculated from six daily incident radiation characteristics (see Table 2) at
each development stage (days after sowing) and for each spatial plant arrangement (see Table 1)

Spatial plant ~ Daily TPAR fraction

Daily extinction coefficient (k)

60*

747

90*

arrangement 60° 74 90°

Azza 0.341 £0.003 o, Fa  0.192 £ 0.001 B, DE,a  0.103 & 0.001 v,Eb
Az, 0.344 4+ 0.003 a 0.173 £ 0.001 b 0.111 4+ 0.001 a
Aso.a 0.336 £0.003 o, Fa  0.190 & 0.001 B.E.a 0.099 £ 0.000 v,Fa
Asor 0.339 +0.003 a 0.171 + 0.000 b 0.095 + 0.000 b
Aspa 0.337 £ 0.002 o, Eb  0.180 & 0.000 B.Eb 0.094 £ 0.000 v,G,a
Asor 0.349 4+ 0.003 a 0.182 4 0.000 a 0.091 4+ 0.001 b
Ago.a 0.381 +0.003 o,E,b  0.193 4 0.000 B.D,b 0.107 £ 0.001 v,E,a
Ao 0.390 4 0.003 a 0.211 +0.001 a 0.097 + 0.001 b
A70.a 0.417 £ 0.003 o,D,a  0.219 4 0.000 B,C,a 0.121 £ 0.001 v,D,b
Agor 0.414 +0.002 a 0.220 + 0.002 a 0.125 4+ 0.001 a

Ago., (actual)
ASO,r

0.459 £0.003 o,C,a
0.455 £0.002 a

0.265 £0.013 B,B,a
0.265 £ 0.016 a

0.155 £0.006 v,C,a
0.147 £0.007 a

Agpa 0.496 £+ 0.003 «,B,a  0.280 4 0.000 B,B,a 0.167 £0.001 y,B,a
Agor 0.484 £0.002 b 0.279 £ 0.001 a 0.150 £ 0.000 b
Al00.a 0.526 £0.003 o,A,a  0.314 £0.001 B,Ab 0.194 £0.002 v,Aa
Ajoor 0.529 £0.002 a 0.323 £0.001 a 0.182 £ 0.000 b

0.383 £ 0.003 B,A.a
0.381 £ 0.003 a
0.389 £ 0.003 B,A.a
0.385 £ 0.003 a
0.387 £ 0.002 B,A.a
0.375 £ 0.003 b
0.344 + 0.002 v,B.a
0.336 = 0.003 b
0.312 £ 0.002 v,C.a
0.315 £ 0.002 a
0.277 £ 0.002 B.D.a
0.281 £ 0.002 a
0.250 4 0.002 v,E.b
0.258 £ 0.002 a
0.229 £ 0.002 v,Fa
0.227 £ 0.002 a

0.357 4 0.001 v,BC,b
0.381 4+ 0.001 a
0.359 4 0.001 v,B.b
0.383 +0.001 a
0.371 4 0.000 v,A,a
0.369 4 0.001 b
0.356 4 0.000 B,C.a
0.337 +0.001 b
0.329 4 0.000 B.D,a
0.328 4 0.002 a
0.288 4+ 0.010 B,E,a
0.288 +0.013 a
0.276 + 0.000 B.E,a
0.276 4 0.001 a
0.251 4+ 0.001 B.Fa
0.245 4 0.001 b

0.400 £ 0.001 «,C.,a
0.387 £ 0.002 b
0.408 £ 0.000 ,B,b
0.415 £0.001 a
0.416 £+ 0.000 o, A,b
0.422 £+ 0.002 a
0.394 £ 0.001 a,D,b
0.411 £0.001 a
0.372 £ 0.002 o,E,a
0.366 & 0.001 b
0.329 £ 0.006 a,Fa
0.338 £+ 0.008 a
0.316 &+ 0.002 a,G,b
0.334 £ 0.000 a
0.289 £+ 0.001 o, H,b
0.300 £ 0.000 a

For each line and for each variable (daily TPAR fraction and daily k), means with the same symbol (e,  and y) were not significantly different at a p-value < 0.001
(mean comparisons between development stages). For each column, means with the same upper-case letter (A, B, C, D, E, F, G and H) were not significantly different
at a p-value < 0.001 (mean comparisons between row spacings at a given relative plant position: actual or random). For each column too, means with the same lower-
case letter (a and b) were not significantly different at a p-value < 0.001 (mean comparisons between relative spatial plant positions at a given row spacing).

# Date (DAS).
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DAS =74 and decreased 70% from DAS =60 to DAS = 90.
Standard deviations simulated from a large range of daily
incident radiation (Table 2) remained low whatever the
development stage and the spatial plant arrangement.

For a given development stage and for any actual relative
spatial plant position, daily TPAR fraction slightly decreased
when RS increased from 0.32 m (square plant re-arrangement)
to 0.5 m. It significantly ( p-value < 0.001) increased when RS
increased from 0.5 m to 1.0 m whatever the development stage
(Fig. 3a and Table 3). That result was consistent with those from
several authors (e.g., Yao and Shaw, 1964; Scarsbrook and
Doss, 1973; Sharratt and McWilliams, 2005) who found that
IPAR increased with reduced row spacing when planting
density was held constant. But our results differed from those
reported by Maddonni et al. (2001) who found no large
difference between values of daily intercepted PAR simulated
for maize at RS = 0.35 m and RS = 0.7 m. They also contrasted
with results from other researchers who reported that row
spacing had an inconsistent or negligible effect on light
interception (e.g., Ottman and Welch, 1989; Westgate et al.,
1997; Steglich et al., 2000).

According to development stage and row spacing, means of
simulated daily k values varied between 0.23 and 0.42 (Fig. 3b
and Table 3). Whatever the spatial plant arrangement, simulated
daily k values were significantly higher (p-value < 0.001) at
DAS =90 than at DAS = 60 and DAS = 74. They were not so
clearly different between the two previous stages (DAS = 60
and DAS =74). Simulated daily k values were smaller than
several values found in the literature (e.g., Flénet et al., 1996;
Maddonni et al., 2001; Sinclair, 2006). Part of the difference
may be explained by whether TPAR is simulated from the
actual area of laminae or the projected area of laminae. In the
latter case which corresponds to our case, k values can be much
smaller. Another explanation may be the difference of lamina
angle between literature results and ours. In our experiment,
lamina insertion angle was around 64° in average for lamina
ranks between 6 and 13, especially 66° in average for larger
leaves i.e., lamina ranks between 10 and 12 (unpublished
results). Such erected laminae can provide smaller & values than
more horizontal laminae, i.e., angle around 30-40° (Varlet-
Grancher et al., 1989; Sinclair, 2006). Effects of latitude (i.e.,
sun angle) may add to the previous factors of variations.

For a given development stage and for any actual relative
spatial plant position, daily k slightly increased when RS
increased from 0.32 m (square plant re-arrangement) to 0.5 m.
It significantly ( p-value < 0.001) decreased when RS increased
from 0.5 m to 1.0 m whatever the development stage (Fig. 3b
and Table 3). That result is consistent with that reported by
Flénet et al. (1996).

3.2. Effect of relative spatial plant position (actual or
random) on daily TPAR fraction and extinction coefficient

(k)

At each development stage and for each row spacing, daily
TPAR fraction (Fig. 4a) did not differ between the relative
spatial plant positions (actual or random). Among the 24
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Fig. 4. Daily transmitted photosynthetically active radiation (TPAR) fraction
(a) and daily extinction coefficient (b) values simulated for canopies obtained
without changing the relative spatial position of plants compared to values
simulated for the associated hypothetical canopies obtained by randomly re-
arranging the relative spatial position of plants (see Table 1). Simulation results
are shown for three development stages (days after sowing): DAS =60 (A),
DAS =74 ([0) and DAS =90 (O). In order to clarify the figure, only mean
values calculated for the six daily incident radiation characteristics shown in
Table 2 are represented. Standard deviations for values simulated for the
associated hypothetical canopies obtained without changing the relative spatial
position of plants are presented in Fig. 3. Linear regression for TPAR fraction
(a) y=1.012 £ 0.006x — 0.005 £ 0.002 (R*=0.99, p-value < 0.001) and for
extinction coefficient (b): y =0.988 + 0.017x + 0.006 + 0.006 (R*=0.96, p-
value < 0.001).

studied cases (3 development stages x 8 row spacings), means
were not significantly different ( p-value < 0.001) between the
actual and random relative spatial plant positions in nine cases
(Table 3). They were significantly higher (resp. lower) for the
actual positions in eight (resp. seven) cases (Table 3).
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Simulations also showed no effect of relative spatial plant
positions on daily k& (Fig. 4b). Means of daily k were not
significantly different (p-value < 0.001) between the actual
and random relative spatial plant positions in nine cases. They
were significantly higher (resp. lower) for the actual positions
in seven (resp. eight) cases (Table 3).

(@)
0.5

0.4 4

0.3+

0.2+

0.1

TPAR fraction — 2 hours around noon

1:1
0.0 T T T T T
0.0 0.1 02 0.3 04 05

Daily TPAR fraction

(b)
§ 0.4 - "f
c
2 _@é
>3
o
@ 0.3
@
=3
=]
=
(9]
I
= 0.2+
L
Qo
‘G
8
'5 0.1+
©
=]
x®
w 1:1
0.0 T T T T
0.0 0.1 0.2 0.3 0.4

Daily extinction coefficient

Fig. 5. Transmitted photosynthetically active radiation (TPAR) fraction (a) and
extinction coefficient (b) values simulated for a daily time integration compared
to values simulated for a time integration of 2 h around solar noon. Simulation
results are shown for canopies obtained without changing the actual relative
spatial position of plants (empty symbols) and for the associated canopies
obtained by randomly re-arranging the relative spatial position of plants (full
symbols). Simulation results are shown for three development stages (days after
sowing): DAS =60 (A, A), DAS =74 ((J, l) and DAS =90 (O, @). In order
to clarify the figure, only mean values calculated for the six daily incident
radiation characteristics shown in Table 2 are represented. Standard deviations
for daily simulations are presented in Fig. 3. Linear regression for TPAR
fraction (a) y = 1.003 £ 0.006x + 0.009 #+ 0.002 (R* = 0.99, p-value < 0.001)
and for extinction coefficient (b): y=0.9154 0.010x + 0.018 + 0.004
(R?=0.99, p-value < 0.001).

For a given development stage and a given row
spacing, each plant can be assumed to play a similar
role on daily TPAR fraction and k (Fig. 3a and b). This
was in accordance with results from Drouet et al. (1999)
who showed from light simulations that leaf azi-
muthal distribution, including actual and random ones, had
no significant effect on light absorbed daily by maize
canopies.

3.3. Effect of time integration on TPAR fraction and
extinction coefficient (k)

Simulations indicated that the time integration (daily or
2 h around solar noon) had no effect on integrated values of
TPAR fraction (Fig. 5a). That result was consistent with
experimental observations made on maize (Tollenaar and
Bruuselma, 1988; Daughtry et al., 1992), simulations on
forest canopies (Ter-Mikaelian et al., 1997), and theoretical
calculations (Goward and Huemmrich, 1992). But the time
integration had a larger effect on integrated values of k: they
were 8% higher when integrated daily than when integrated
on 2 h around solar noon (Fig. 5b). This was smaller than the
values reported in the literature: 3.5-fold smaller than that of
Flénet et al. (1996) and threefold smaller than that of Sinclair
(2006). This discrepancy may be explained by the difference
of time integration between our study (2 h around noon)
and that of those literature studies (measurements at noon).
Moreover, measurements may greatly vary according to
sky cloudiness, especially in the case of instantaneous
measurements (e.g., at solar noon). Canopy structure (LAI,
angular leaf distribution, canopy heterogeneity) may also
involve discrepancies between daily and 2-h integrated
values of k.

4. Conclusion

This study described a new approach to investigating
effects of planting patterns on the proportion of light
intercepted. Simulations showed that crop development stage
and row spacing, especially when row spacing increased
from 0.5m to 1.0 m, had a strong effect on daily TPAR
fraction and a weak effect on daily extinction coefficient k.
The relative spatial position of plants (actual or random)
within the canopy had no clear effect on daily TPAR fraction
and daily k. The time integration for simulations affected the
integrated values of k.

This technique, associating a 3D model of shoot
geometry with 3D light model, helps overcome some of
the difficulties of field studies, with variable light
conditions, uneven plant stands, and errors in measurement.
Results of this study illustrated the complexities of
relating both light interception and light extinction coeffi-
cient to planting pattern. This technique promises to be
a valuable tool for future work on other planting arrange-
ments and with other crops, helping optimize both planting
density and row spacing for the most efficient light
interception.



J.-L. Drouet, J.R. Kiniry/Field Crops Research 107 (2008) 62-69 69

Acknowledgements

The authors are grateful to Dr. R. Bonhomme for helpful
discussions. We acknowledge Dr. H. Sinoquet for valuable
consultations on his RIRI model and the digitizing system,
Polhemus. We thank Dr. B. Andrieu for providing us with his
‘surface-to-volume’ program.

References

Bonhomme, R., Varlet-Grancher, C., 1978. Estimation of the gramineous crop
geometry by plant profiles including leaf width variations. Photosynthetica
12, 193-196.

Daughtry, C.S.T., Gallo, K.P., Goward, S.N., Prince, S.D., Kustas, W.P., 1992.
Spectral estimates of absorbed radiation and phytomass production in corn
and soybean canopies. Remote Sens. Environ. 39, 141-152.

Drouet, J.-L., 1998. Variations de la disposition spatiale et de la teneur en azote
des feuilles d’un peuplement de mais en phase végétative. Etude par
simulation de I’influence de ces variations sur la photosynthése potentielle
du couvert. PhD Thesis, Institut National Agronomique, Paris-Grignon,
France.

Drouet, J.-L., 2003. MODICA and MODANCA: modelling the three-dimen-
sional shoot structure of graminaceous crops from two methods of plant
description. Field Crops Res. 83, 215-222.

Drouet, J.-L., Moulia, B., Bonhomme, R., 1999. Do changes in the azimuthal
distribution of maize leaves over time affect canopy light absorption?
Agronomie 19, 281-284.

Farin, G., 1997. In: Curves and Surfaces for Computer-aided Geometric Design.
A Practical Guide. 4th ed. Academic Press, London.

Flénet, F., Kiniry, J.R., Board, J.E., Westgate, M.E., Reicosky, D.C., 1996. Row
spacing effects on light extinction coefficients of corn, sorghum, soybean,
and sunflower. Agron. J. 88, 185-190.

Goward, S.N., Huemmrich, K.F., 1992. Vegetation canopy PAR absorptance
and the normalized difference vegetation index: an assessment using the
SAIL model. Remote Sens. Environ. 39, 131-140.

Maddonni, G.A., Chelle, M., Drouet, J.-L., Andrieu, B., 2001. Light intercep-
tion of contrasting azimuth canopies under square and rectangular plant
spatial distributions: simulations and crop measurements. Field Crops Res.
70, 1-13.

Maddonni, G.A., Cirilo, A.G., Otegui, M.E., 2006. Row width and maize grain
yield. Agron. J. 98, 1532-1543.

Ottman, M.J., Welch, L.F., 1989. Planting patterns and radiation interception,
plant nutrient concentration, and yield in corn. Agron. J. 81, 167-174.

Perrin de Brichambault, C., Vauge, C., 1982. Le gisement solaire: évaluation de
la ressource énergétique. Lavoisier, Paris.

Polhemus, 1993. 3SPACE Fastrak User’s Manual, Revision F. Polhemus Vt,
Colchester, USA.

Scarsbrook, C.E., Doss, B.D., 1973. Leaf area index and radiation as related to
corn yield. Agron. J. 65, 459-461.

Sharratt, B.S., McWilliams, D.A., 2005. Microclimatic and rooting character-
istics of narrow-row versus conventional-row corn. Agron. J. 97, 1129-
1135.

Sinclair, T.R., 2006. A reminder of the limitations in using Beer’s law to
estimate daily radiation interception by vegetation. Crop Sci. 46, 2343—
2347.

Sinoquet, H., Bonhomme, R., 1989. Modelling of solar radiation interception in
row crops. II. Crop geometry and validation of the model. Agronomie 9,
619-628.

Sinoquet, H., Bonhomme, R., 1992. Modeling radiative transfer in mixed and
row intercropping systems. Agric. For. Meteorol. 62, 219-240.

Sinoquet, H., Rivet, P., 1997. Measurement and visualization of the architecture
of an adult tree based on a three-dimensional digitising device. Trees 11,
265-270.

Sonohat-Popa, G., 1997. Analyse des variations de structure aérienne de
peuplements de mais dans différentes conditions de compétition intraspé-
cifique. PhD Thesis, University of Paris-Sud, Orsay, France.

Spitters, C.J.T., Toussaint, H.A.J.M., Goudriaan, J., 1986. Separating the diffuse
and direct component of global radiation and its implication for modeling
canopy photosynthesis. I. Components of incoming radiation. Agric. For.
Meteorol. 38, 217-229.

S-PLUS, 1996. S-Plus User’s Guide. Version 3.4. MathSoft, Seattle, WA.

Steglich, E.M., Gerik, T.J., Kiniry, J.R., Cothren, J.T., Lemon, R.G., 2000.
Change in the light extinction coefficient with row spacing in upland cotton.
In: Dugger, P., Richter, D. (Eds.), Proceedings of the Beltwide Cotton Conf.
San Antonio, National Cotton Council, Memphis, TN, pp. 606-608.

Ter-Mikaelian, M.T., Wagner, R.G., Shropshire, C., Bell, EW., Swanton, C.J.,
1997. Using a mechanistic model to evaluate sampling designs for light
transmission through forest plant canopies. Can. J. For. Res. 27, 117-126.

Tollenaar, M., Bruuselma, T.W., 1988. Efficiency of maize dry matter produc-
tion during periods of complete leaf area expansion. Agron. J. 80, 580-585.

Varlet-Grancher, C., Gosse, G., Chartier, M., Sinoquet, H., Bonhomme, R.,
Allirand, J.-M., 1989. Solar radiation absorbed or intercepted by a crop.
Agronomie 9, 419-439.

Westgate, M.E., Forcella, F., Reicosky, D.C., Somsen, J., 1997. Rapid canopy
closure for maize production in the northern US corn belt: radiation-use
efficiency and grain yield. Field Crops. Res. 49, 249-258.

Yao, A.Y.M., Shaw, R.H., 1964. Effect of plant population and planting pattern
of corn on the distribution of net radiation. Agron. J. 56, 165-169.



	Does spatial arrangement of 3D plants affect light transmission and extinction coefficient within maize crops?
	Introduction
	Materials and methods
	Field experiment design
	Description of 3D shoot structure
	Reconstruction of 3D shoot structure
	Modelling associated hypothetical canopies
	Simulation of transmitted PAR and PAR extinction coefficient (k)
	Data analysis

	Results and discussion
	Effect of development stage and row spacing on daily TPAR fraction and extinction coefficient (k)
	Effect of relative spatial plant position (actual or random) on daily TPAR fraction and extinction coefficient (k)
	Effect of time integration on TPAR fraction and extinction coefficient (k)

	Conclusion
	Acknowledgements
	References


